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(54) Electromagnetic acoustic transducer and emar system 

(57) An electromagnetic acoustic transducer is pro- 
vided which comprises magnets and a sheet type coil 
unit. The magnets are permanent magnets or electro- 
magnets to provide a static magnetic field to an object to 
be inspected. The coil unit includes a pair of spiral or 
meander coils of an electrically conductive material, 
sandwiched between upper and middle insulation sheet 
and middle and lower insulation sheet. The coils are 
used for transmission and reception, respectively All 
the ends of the respective coils extend through through- 
holes formed through the upper and middle insulation 
sheets to the surface of the ultrasonic transducer, and 
are connected to external leads. The ends for earth are 
commonly connected to form a common ground termi- 
nal. The inspection system with the electromagnetic 
acoustic resonance which is a combination of resonant 
technique and a non-contact electromagnetic acoustic 
transducer can accomplish evaluating the absolute 
value of ultrasonic attenuation. The attenuation is highly 
sensitive to the accumulated fatigue damage, showing a 
maximum around 20 ■ 30% of the whole life. This sys- 
tem can assess the damage advance and predict the 
fatigue life of metals. 
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Description 

The present invention relates generally to an elec- 
tromagnetic acoustic transducer (EM AT) which is suita- 
ble for applications for detecting surface and internal s 
damages and residual stress of an electrically conduc- 
tive material, measuring the characteristics of the mate- 
rial (such as elastic modules, and attenuation 
coefficient), and detecting damages and deterioration in 
the interior of the material due to load, heat, and so on, 
and to an inspection system with the electromagnetic 
acoustic resonance which is a combination of resonant 
technique and non-contacting EM AT, and which 
improves fairly the signal to noise ration (S/N) and com- 
pensates for the weak coupling efficiency of the EM AT 

Fig. 1 is a diagram for explaining the measuring 
principles of an inspection system using an EMAT The 
EMAT transducer consists of a pair of permanent mag- 
nets 3a, 3b which have the opposite magnetization 
direction normal to the objects 2 surface, that is a con- 
ductive material, through a spacer 3c, and an elongated 
electrically spiral elongated coil unit 5 positioned below 
the permanent magnets 3a, 3b. The permanent mag- 
nets may be replaced with electromagnets which can 
form a similar magnetic field. 

The permanent magnets 3a, 3b generate a static 
magnetic field 4 in the depth direction of the object 2. 
When the coil unit 5 is supplied with a rf burst current 7 
from a controller or processor 18, an eddy current 8 is 
generated on the surface of the object 2 in the direction 
reverse to that of the current 7. Then, the eddy current 8 
and the static magnetic field 4 interact to generate a 
Lorentz force 9 in accordance with the so-called Flem- 
ing's law. The Lorentz force 9 acts on internal free elec- 
trons of the object 2 to cause collision with ions and so 
on, to induce movements thereto in a direction perpen- 
dicular to the directions of the static magnetic field 4 and 
the rf burst current 7 in the interior of the object 2, and to 
generate ultrasonic shear waves 10. 

As the ultrasonic shear waves 10 travel in a direc- 
tion indicated by an arrow 11, the ultrasonic shear 
waves 10 reflect on the upper and lower surfaces of the 
object 2 and interior damages, defects, grain bounda- 
ries, changes of material's structure and so on therein, 
and thereby return in a direction indicated by an arrow 
12. When the reflected ultrasonic shear waves 10 return 
to the vicinity of the upper surface, a force 13 is gener- 
ated. Then, an eddy current 14 is generated by an inter- 
action of the force 13 and the static magnetic field 4. 
The eddy current 14 is detected by the spiral elongated 
coil unit 5 and the detected current is amplified by a pre- 
amplifier 16 and a main amplifier 17, and then sent to 
the controller 18. The controller 18 analyzes the 
received current to measure internal damages, defects, 
grain boundaries, changes of material's structure and 
so on of the object 2. 

Figs. 2(a) and 2(b) schematically illustrate a con- 
ventional EMAT composed of a pair of permanent mag- 
nets 3a, 3b and a spiral elongated coil unit 5, which is 



usable in an inspection system as shown in Fig. 1 . Fig. 
2(a) is a top plan view of the transducer and Fig. 2(b) is 
a cross-sectional view taken along a line A-A in Fig. 
2(a). The spiral elongated coil unit 5 includes a transmit- 
ter coil 51a and a receiver reception coil 51b which are 
fabricated by manually winding a pair of enamel wires 
closely to each other and by solidifying the wound 
enamel wires with a resin. The spiral elongated coil unit 
5 further includes a protection film 52 having a thickness 
of approximately 0.1 mm adhered thereto to support 
and protect the coils 51a, 51b. By the protection film, 
when a ferromagnetic object to be inspected is placed, 
the spiral elongated coil unit 5 may be prevented from 
damages caused by magnetic forces generated by the 
permanent magnets 3a, 3b and the ferromagnetic 
object. A space or spacer 3c is interposed between the 
permanent magnets 3a, 3b which have the oppose 
magnetization directions. 

The conventional EMAT shown in Fig. 2 requires 
the protection film 52 adhered on the surface of the spi- 
ral elongated coil unit 5 in order to prevent the unit 5 
from being damaged. Also, since the receiver and trans- 
mitter coils 51a, 51b are arranged on the same surface 
adjacent to each other, the spiral elongated coil unit 5 
inevitably has a large flat size. Further, since the coils 
51a, 51b is made by manually winding enamel wires, 
dispersions in the winding of wires are caused, and thus 
resulting in wide variations in the performance of fin- 
ished transducers. Accordingly, it may not provide a sta- 
ble quality. 

As to other conventional spiral elongated coil units 
for generation and detection of ultrasonic waves which 
EMAT, the following prior arts have been provided, for 
example: Japanese Patent Public Disclosure (Laid- 
Open) No. 53-1078 (1978) discloses a structure having 
double spiral coils arranged on the opposing sides of an 
insulation substrate for providing separate transmission 
and reception coils. However, although the structure 
has the separate transmission and reception coils, the 
two coils are not provided with a common ground, thus 
exhibiting a low S/N ratio and a small gain. 

Japanese Patent Public Disclosure (Laid-Open) No. 
62-277555 (1987) discloses a structure having a single 
parallel coil on one surface of an insulation substrate so 
as to use the coil for both transmission and reception. In 
this prior structure, since the single parallel coil 
arranged on one surface of the insulation substrate is 
used for both transmission and reception, the S/N ratio 
is low and the gain is small. 

Japanese Patent Public Disclosure (Laid-Open) No. 
53-23066 (1978) discloses parallel coils formed on one 
surface of an insulation substrate in an "8" shape (i.e., 
two coils winding in opposite directions) using printing 
techniques. In this prior art, since the 8-shaped parallel 
coil is formed on one surface of the insulation substrate, 
the entire size becomes larger. In addition thereto, since 
the two coils are not provided with a common ground, 
the S/N ratio is low and the gain is small. 

Fig. 3 shows another conventional inspection sys- 
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tern (excluding a controller and amplifier means) for 
detecting surface and internal damages and residual 
stress of an electrically conductive material, measuring 
the characteristics of the material (such as elastic mod- 
ules, and attenuation coefficient), and detecting dam- 
ages and deterioration in the interior of the material due 
to load, heat, and so on. In the system, an EMAT com- 
prises a meander coil unit 6 positioned on an inspection 
object 2 of a flat steel plate, and a permanent magnet 3, 
which generates a static magnetic field or bias magnetic 
field, positioned above the meander coil unit 6. 

When the meander coil unit 6 of the EMAT is 
applied with a rf burst current from a controller (not 
shown), rf burst currents flow on the surface of the 
object beneath parallel lines of the meander coil unit 6 in 
alternate directions. This results in generating Lorentz 
forces 9 in reverse directions to each other, which in turn 
generate ultrasonic waves 10 in the direction perpendic- 
ular to the parallel lines of the meander coil unit 6 on the 
object 2. When the ultrasonic waves (SO wave) 10 
reflect on damages, defects, grain boundaries, struc- 
tural changes, and so on on the surface and in the inte- 
rior of the object 2, and reflect on the opposing surface 
of the object 2. When the reflected waves reach the 
vicinity of the surface of the object 2, a force is gener- 
ated. Then, a current is generated by an interaction of 
this force and the static magnetic field, and detected by 
the meander coil unit 6 to measure damages, defects, 
grain boundaries, structural changes, and so on on the 
surface and in the interior of the object 2. 

The conventional meander coil type EMAT shown in 
Fig. 3 uses a single coil in the coil unit both as a trans- 
mitter coil for generating ultrasonic waves and as a 
receiver coil having a detecting function. For this rea- 
son, the transducer exhibits a low S/N ratio and a small 
gain. In addition thereto, since the meander coil unit 6 is 
constituted to be flat and not to be flexible, the trans- 
ducer cannot be utilized for a cylindrical object to meas- 
ure damages, defects, grain boundaries, organizational 
changes, and so on on the surface and in the interior 
thereof. 

In a prior art, a fatigue life and a remaining life of a 
metal material at an initial stage of its fatigue process is 
predicted by using a piezoelectric ultrasonic transducer, 
contacting ultrasonic transducer. As illustrated in Fig. 
4(a), a piezoelectric ultrasonic transducer (P.Z.T) 21 
vibrates to generate ultrasonic waves which mechani- 
cally propagate to an object 2 of a metallic material 
through a protective film 22 and an acoustic couplant 23 
during transmitting. During receiving, the process 
reverse to the transmission is performed, as illustrated 
in Fig. 4(b), wherein vibrations of the object 2 mechani- 
cally propagate through the acoustic couplant 23 and 
the protective film 22 to the piezoelectric ultrasonic 
transducer 21 which transduces the mechanical vibra- 
tions into ultrasonic waves. The ultrasonic waves are 
processed and analyzed by a controller (not shown) to 
predict fatigue life and remaining life of the object 2. 

In the above conventional method of predicting a 



fatigue life and a remaining life, the ultrasonic waves 
often scatter due to reflections on interfaces (those are 
an interface between the piezoelectric ultrasonic trans- 
ducer 21 and the protective film 22, an interface 

5 between the protective film 22 and the acoustic cou- 
plant 23, and an interface between the acoustic cou- 
plant 23 and the object 2) during its propagation 
process. Due to the scattering or absorbing ultrasonic 
waves, energy, which would otherwise be received by 

10 the piezoelectric ultrasonic transducer 21, leaks, and a 
phase change of the waves occurs when they reflect, 
thus resulting in disturbed signals. 

Also disadvantageous^, the characteristic and 
thickness of the acoustic couplant 23 are likely to vary 

15 due to change of temperature and pressing force 
applied thereto, so that measured values may often 
widely vary. In addition, measured values also fairly vary 
unless a measuring surface of an object is finely fin- 
ished. For these reasons, a relative comparison with an 

20 initial value before fatigue has been used in a fatigue life 
and remaining life prediction method relying on attenua- 
tion of ultrasonic waves detected by the piezoelectric 
ultrasonic transducer 21. Further, it is difficult to meas- 
ure the absolute attenuation of the ultrasonic waves to 

25 predict the lifetime of the object. 

A prior document states that in a measurement of 
attenuation characteristics during a fatigue developing 
process using a piezoelectric ultrasonic transducer, the 
attenuation increases linearly at first and rises rapidly at 

30 about 70 - 80% of fatigue life, and the attenuation 
abruptly shown in Fig. 5. Thus, if remaining life is evalu- 
ated based on a point at which the attenuation abruptly 
increases, while monitoring the fatigue process, it is 
necessary to monitor the fatigue process up to a rather 

35 later time of the lifetime. 

The present invention has been made in view of the 
problems of the prior arts as mentioned above, and it is 
a first object of the present invention to provide an 
EMAT which is capable of increasing the S/N ratio and 

40 the gain as well as achieving improved performance, 
stable quality, finer structure, and reduction in size. 

A second object of the present invention is to pro- 
vide a fatigue life prediction apparatus based on electro- 
magnetic ultrasonic resonance (EMAR) which is 

45 capable of accurately capturing changes within an 
object under measurement during a fatigue developing 
process and evaluating remaining life at an earlier time 
in the fatigue progress, without disturbed signals due to 
interfaces during the propagation of ultrasonic waves, 

so and without the necessity of finely finishing surfaces of 
the object. 

In order to achieve the first object of the present 
invention, an EMAT of the present invention consists of: 
magnets means for providing a static magnetic field to 
55 an object to be inspected; and sheet type coil means for 
making said object to transmit and receive ultrasonic 
waves in said object, said coil means including a first 
insulation layer and a pair of coils which are made of an 
electrically conductive material, are formed on opposing 
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surfaces of said first insulation layer, and are positioned 
to coincident with each other through said insulation 
layer. 

In order to achieve the second object of the present 
invention, a fatigue life prediction system according to s 
the present invention comprises: an electromagnetic 
acoustic transducer (EMAT); a controller for instructing 
said EMAT to generate a rf burst ultrasonic signal at a 
resonance cycle in an object to be inspected to cause 
an ultrasonic wave resonance, and to receive a 10 
reflected ultrasonic signal; and processing means for 
processing said received signal to derive an attenuation 
coefficient, and estimating a remaining lifetime of said 
object from a change in said attenuation coefficient. 

15 

Fig. 1 is a diagram for explaining the measuring 
principles by an inspection system using an electro- 
magnetic acoustic transducer; 
Fig. 2(a) is a top plan view schematically illustrating 
an electromagnetic acoustic transducer for polar- 20 
ized shear waves according to a prior art; 
Fig. 2(b) is a cross-sectional view taken along a line 
A-Aof Fig. 2(a); 

Fig. 3 schematically shows an inspection system 

using a meander coil type electromagnetic acoustic 25 

transducer according to a prior art; 

Fig. 4(a) is a diagram illustrating the propagation of 

ultrasonic waves from a piezoelectric vibrator to an 

object during transmission period; 

Fig. 4(b) is a diagram illustrating the propagation of 30 

ultrasonic waves between a piezoelectric ultrasonic 

transducer and an object contacting ultrasonic 

transducer, during reception period; 

Fig. 5 is a graph illustrating a change in attenuation 

in a fatigue progress measured by a prior art 35 

approach; 

Fig. 6(a) is a top plan view schematically illustrating 
an electromagnetic acoustic transducer for 
deflected shear waves according to the present 
invention; 40 
Fig. 6(b) is a cross-sectional view taken along a line 
A-Aof Fig. 6(a); 

Fig. 7 illustrates diagrams for explaining a method 
of manufacturing a flat spiral coil and meander coil 
units for the electromagnetic acoustic transducer 45 
shown in Fig. 6 according to the present invention; 
Fig. 8(a) is a plan view schematically illustrating a 
meander coil sheet unit for use in a meander coil 
type electromagnetic acoustic transducer accord- 
ing to the present invention; so 
Fig. 8(b) is a cross-sectional view taken along a line 
A-Aof Fig. 8(a); 

Fig. 9 shows an inspection system using a meander 
coil type electromagnetic acoustic transducer; 
Fig. 10 shows diagrams for explaining the measur- ss 
ing principles by the inspection system using a 
meander coil type electromagnetic acoustic trans- 
ducer; 

Fig. 1 1(a) is a top plan view schematically illustrat- 



ing a meander coil sheet unit for use in a meander 
coil type electromagnetic acoustic transducer 
according to the present invention; 
Fig. 11(b) is a cross-sectional view taken along a 
line A-Aof Fig. 11(a); 

Figs. 12 - 17 schematically illustrate inspection sys- 
tems using meander coil type electromagnetic 
acoustic transducers, respectively, according to the 
present invention; 

Fig. 18 shows an inspection system for predicting a 
fatigue life based on an electromagnetic acoustic 
resonance method, according to the present inven- 
tion. 

Fig. 19 is a graph representing an example of a 
change of attenuation in a fatigue progress meas- 
ured with the electromagnetic acoustic resonance 
method; 

Fig. 20 is a flow chart illustrating a flow of opera- 
tions for measuring fatigue and estimating lifetime 
based on the electromagnetic acoustic resonance, 
according to the present invention; 
Fig. 21 is a graph illustrating the result of the rela- 
tionships between an attenuation coefficient and 
fatigue life ratio measured by the inspection system 
shown in Fig. 18; and 

Fig. 22 is a diagram illustrating behaviors of ultra- 
sonic waves generated by an electromagnetic 
acoustic transducer, according to the present inven- 
tion. 

Embodiments of the present invention will hereinaf- 
ter be described with reference to Figs. 6 - 22. In these 
drawings, the same or similar components as or to 
those in Figs. 1 - 5 are denoted with the same reference 
numerals as those in the latter. 

Figs. 6 and 7 show an embodiment of an electro- 
magnetic acoustic transducer for polarized shear waves 
according to the present invention. Fig. 6(a) is a top plan 
view illustrating the transducer, provided that a top insu- 
lation sheet 52a of a flat spiral elongated coil unit 5 is 
neglected therefrom, and Fig. 6(b) is a cross-sectional 
view of the transducer, taken along a line A-A of Fig. 
6(a). The illustrated electromagnetic acoustic trans- 
ducer for polarized shear waves comprises a pair of per- 
manent magnets (or electromagnets) 3a, 3b and a flat 
spiral elongated coil unit 5. The flat spiral elongated coil 
unit 5 comprises spiral coils 51a, 51b made of an elec- 
trically conductive material and respectively formed on 
upper and lower surfaces of a middle insulating sheet 
52b, as shown in Fig. 6(b), using etching or printing 
techniques. The spiral elongated coils 51a, 51b are 
positioned opposite to and coincident with each other 
through the insulating sheet 52b. The flat spiral elon- 
gated coil unit 5 further comprises a lower insulating 
sheet 52c adhered on outer surface of the spiral coil 51 b 
with a heat-resistant and insulating bonding adhesive. 
The top insulation sheet 52a is also adhered on the sur- 
face of the spiral coil 52a with a heat-resistant and insu- 
lating bonding adhesive. Therefore, the sheets 52a and 
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52b sandwich the spiral coit 51a while the sheets 52b 
and 52c sandwich the spiral coil 51b. 

One of the spiral coils 51a, 51b serves as a trans- 
mitter coil for emitting electromagnetic ultrasonic waves, 
and the other one serves as a receiving coil having s 
ultrasonic waves detecting function. While it is not nec- 
essary to determine which of the transmitter coil and the 
receiving coil is positioned above the other one, electro- 
magnetic acoustic transducers generally have better 
receiving characteristics than transmission characteris- w 
tics, so that the transmitter coil is often positioned closer 
to an object. 

A method of manufacturing the spiral coil unit 5 of 
the electromagnetic acoustic transducer shown in Fig. 6 
will be explained with reference to Figs. 7(a) - 7(f). First, is 
as illustrated in Fig. 7(a), a heat resistant insulating 
sheet (for example, a polyimide resin sheet) having a 
thickness of approximately 25 urn is cut into a predeter- 
mined outside dimension to form the insulation sheet 
52c, and a copper foil 51 having a thickness of approxi- 20 
mately 18 - 75 urn is adhered on one surface of the insu- 
lation sheet 52c. Another combination of the insulating 
sheet 52a and a copper foil 51 is also prepared. 

Second, as illustrated in Fig. 7(b), the copper foils 
51 attached to the insulation sheets 51a, 51c are pat- 25 
terned to form the spiral coils 51a, 51b by etching. It will 
be of course understood by those skilled in the art that 
the coil patterns may be formed using conventional cir- 
cuit printing techniques. 

Then, heat resistant adhesive 53 is applied on the 30 
surfaces of the insulation sheets 52a, 52c on which the 
coils 51a, 51b have been patterned, as shown in Fig. 
7(c). The adhesive also serves as insulators between 
adjacent patterns (lines) of the spiral coils, in addition to 
the adhesive for subsequently adhering an insulating 35 
sheet, later described. It is not always necessary to 
apply the adhesive on the surface of the sheet 52c. 

Next, as illustrated in Fig. 7(d), a heat resistant 
insulation sheet forming the insulation sheet 52b is 
adhered on the surface of the spiral coil 51b on the 40 
sheet 52c, then, as illustrated in Fig. 7(e), an adhesive 
53 is applied on the upper surface of the insulating 
sheet 52b, and finally, as illustrated in Fig. 7(f), the insu- 
lation sheet 52a having the spiral coil 51a patterned 
thereon, created at the step shown in Fig. 7(c), is 45 
adhered on the adhesive 53 on the insulation sheet 52b, 
created at the step shown in Fig. 7(e), thus completing 
the flat spiral elongated coil unit 5. 

As shown in Fig. 6(a), a first end of the spiral coil 
51a is extending through a throughhole 54a formes so 
through the insulation sheet 52a, and a first end of the 
spiral coil 51b is extending through a throughhole 54b 
formed through the insulation sheets 52a, 52b, to the 
upper surface of the coil unit 5, where they are connect- 
able to external leads. The other ends of the spiral coils 55 
51a, 51b are similarly extending through throughholes 
to the upper surface of the spiral coil unit 5 and are com- 
monly connected to a ground. Since all the ends of the 
spiral coils are induced to the upper surface of the insu- 



lation sheet 52a or the coil unit 5, the bottom surface of 
the transducer, which faces an object to be inspected, 
can be made to be smooth. 

A flat spiral coil unit 5 having the structure illus- 
trated in Fig. 6 was fabricated based on the foregoing 
manufacturing method shown in Fig. 7. Exemplary 
dimensions of the fabricated flat spiral coil unit 5 were 
as follows. The outside dimension of the coil unit 5 or 
the insulation sheets 52a - 52c had a length (L) of 40 
mm and a width (W) of 25 mm. The insulation sheets 
52a - 52c had substantially the same thickness (H) of 
0.025 mm. The spiral coils 51a, 51b between the insula- 
tion sheets had a width (W1) of 0.1 mm, an interval (L1) 
of 0.1 mm, and a thickness (H1) of 0.018 mm. The 
number of turns of the spiral coils were 44. (As to L, W, 
H, W1, L1 and H1, refer to Fig. 6(a).) The spiral coils 
51a, 51 b respectively had a resistance value of 50n and 
an inductance of 40 jiH. The fabricated flat spiral coil 
unit had a sufficient sensitivity in practical for an electro- 
magnetic acoustic transducer. 

According to the ultrasonic transducer of the 
present invention described with reference to Figs. 6 
and 7, it is possible to realize improved performance, 
stability, uniform quality, reduction in size, finer struc- 
ture, reduction in manufacturing time, and enhanced 
functionality (increased S/N ratio) by an ideal parallel 
coil. 

That is, since the insulation sheet 52b can be made 
of a heat resistant insulation material of, for example, 
polyimide, having a thickness of approximately several 
10 microns, and the spiral coils 51a, 51b respectively 
serving as reception and transmission coils can be posi- 
tioned opposite to and coincide (overlapping) with each 
other through the insulation sheet 5&>, reflection waves 
of transmitted ultrasonic shear waves from the transmit- 
ter coil can be captured by the receiver coil at the same 
position, thus making it possible to make accurate 
measurements. 

Further, since the spiral coils can be fabricated with 
an accurately defined coil interval L1 by using a circuit 
printing technique, stable ultrasonic waves can be 
received. The use of the insulation adhesive 53 for 
adhering the insulation sheets to the spiral coils enables 
the adjacent wires of the spiral coils to be insulated from 
each other. Accordingly, the flat spiral coil unit can be 
employed in an inspection system wherein a power of 
approximately 1000 volts is supplied. 

in addition thereto, since the spiral coils are 
arranged on the opposing surfaces of the insulation 
sheet 52b, a smaller and finer coil structure can be pro- 
vided, as compared with a conventional spiral coil fabri- 
cated by manually winding cladded copper wires such 
as enamel wires on a surface of a sheet, and the insula- 
tion sheet 51a, 51c positioned the outer sides of the coil 
unit 5 also serves as protective films. Further, since ail 
the ends of the spiral coils for connecting to external cir- 
cuits are lead to the upper surface of the coil unit, the 
lower surface thereof can be obtained with no rugged 
portion and thus it can be face an object with a uniform 
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distance. 

Figs. 8 shows an example of a meander coil unit 6 
according to the present invention, which can be 
employed in an electromagnetic acoustic transducer of 
an inspection system as shown in Fig. 3. Fig. 8(a) is an s 
explanatory top plan view of the meander coil unit 6, 
and Fig. 8(b) is a cross-sectional view taken along a line 
A-A of Fig. 8(a). As illustrated, the meander coil unit 6 is 
fabricated by aligning three meander enamel wires 61a, 
61b 1p 61b2 close to each other by hand, and patterning w 
the enamel wires appropriately to a particular object to 
be inspected while solidifying the enamel wires with a 
resin to form a resin sheet 62. The meander coil unit 6 
is so flexible to bend. 

The central wire 61a within the three meander wires 75 
is used as a transmitter coil for generating ultrasonic 
waves according to an electromagnetic action, and the 
remaining two outside wires 61b 1f 61 fc>2 are used as 
receiver coils having an ultrasonic wave detection func- 
tion. By thus separately providing the transmitter coil 20 
61a and the receiver coils 61b 1t 61 b 2 , the S/N ratio and 
the gain can be increased. 

Fig. 9 is a diagram of an inspection system for a 
cylindrical object 20 in which the meander coil unit 6 
shown in Fig. 8 is used. The system further includes a 25 
solenoid coil 3, pre-amplifier 16, main amplifier 17, con- 
troller 18, and DC power supplier 40. Fig. 10 illustrates 
behaviors on the surface of the cylindrical object 20 
beneath the meander coil unit 60. Although Fig. 9 illus- 
trates only a meander line of the meander coil unit 6, the 30 
line represents the band of the meander coils 61a, 61b 1f 
61 b 2 . In the inspection system shown in Fig. 9, an elec- 
tromagnetic acoustic transducer comprises the solenoid 
coil 3 and the meander coil unit 6. A DC current l DC is 
applied to the solenoid coil 3 from the DC power sup- 35 
plier source 40 to magnetize the cylindrical object 20 
with a static magnetic field MF4. Subsequently, a rf 
burst current l AC is applied from the controller 18 to the 
meander coil unit 6 surrounding the cylindrical object 20 
to generate an alternate magnetic field MF8 on the sur- 40 
face of the object 20 beneath parallel lines, or the paral- 
lel bands of the wires or coils 61a, 61b 1( 61 b2 of the 
meander coil unit 6, in the direction perpendicular to 
that of the static magnetic field MF4, as illustrated in Fig. 
10(a). Thus, a combined magnetic field MF10 is gener- 45 
ated at an angle 8 relative to the direction of the static 
magnetic field MF4. 

Referring further to Fig. 10(a), in adjacent areas 
beneath the parallel bands of the meander coil unit 60, 
the directions of the combined magnetic field MF10 at so 
the respective areas are symmetric to the direction of 
the static magnetic field MF4. Thus, micro areas of the 
object 20 under the parallel bands are subjected to 
shear deformation due to a magnetostrictive effect. As 
the direction of the alternate magnetic field MF8 55 
changes, ultrasonic waves (axially symmetric SH 
waves) are generated and travel in a direction indicated 
by arrows D14. When the ultrasonic waves reach end 
faces of damages, defects, grain boundaries, structural 
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changes, and so on on the surface and in the interior of 
the object 20, they are reflected therefrom in the direc- 
tion D17 as shown in Fig. 10(c). When the reflected 
ultrasonic waves reach the vicinity of the surface of the 
cylindrical object 20, a force F18 is generated, and a 
current l 19 is generated by an interaction of the force 
F18 and the static magnetic field MF4. The current l 19 is 
detected by the receiver coil 6lb 1 , 61 fc>2, amplified by 
the pre-amplifier 16, further amplified by the main ampli- 
fier 17, and sent to the controller 18. The controller 18 
analyzes the current l 19 which has been amplified to 
measure damages, defects, grain boundaries, structural 
changes and so on on the surface and in the interior of 
the object 20. 

It is of course that the meander that coil unit 6 
shown in Fig. 8 can be used to inspect such a plane 
object 2 as shown in Fig. 3. 

Fig. 11 illustrates another meander coil unit 6 
according to the present invention, which is usable in 
the inspection system shown in Fig. 9, wherein Fig. 
1 1(a) is a top plan view of the meander coil unit 6, and 
Fig. 1 1 (b) is a cross-sectional view taken along a line A- 
A of Fig. 1 1 (a). The meander coil unit 6 of this embodi- 
ment comprises a meander coil 61a and a meander coil 
61b, both made of an electrically conductive material, 
formed on the opposing surfaces of an insulation sheet 
62b made of heat resistant resin (for example, polyim- 
ide) using etching or printing techniques. The meander 
coils 61a, 61b are positioned opposite to and coincident 
with each other through the insulation sheet 62b. Also, 
an insulation sheets 62a, 62c are adhered on each of 
the surfaces of the meander coils 61a, 61b with a heat 
resistant and insulating adhesive. 

One of the meander coil 61 a, 61b serves as a trans- 
mitter coil for emitting ultrasonic waves, and the other 
one serves as a receiver coil having a detecting func- 
tion. Since electromagnetic acoustic transducers gener- 
ally have better receiver characteristics than 
transmission characteristics, the transmitter coil is pre- 
ferred to be positioned nearer an object. The meander 
coil unit 6 shown in Fig. 1 1 can be also employed to 
inspect a flat object 2 as shown in Fig. 3. The ends of 
the meander coils 61 a, 61 b shown in Fig. 1 1 are extend- 
ing through throughholes to the upper surface of the unit 
6, similarly to those of the spiral coil 5 shown in Fig. 6. 

The meander coil unit 6 shown in Fig. 1 1 is also fab- 
ricated similarly to that of the spiral coil unit 5 shown in 
Fig. 6, though the coil patterns are different. 

A meander coil unit 6 having the structure illus- 
trated in Fig. 1 1 was fabricated based on the manufac- 
turing method similar to that shown in Fig. 7. Exemplary 
dimensions of the meander coil unit 6 are as follows. 
The outside dimension of each of the insulation sheets 
62a - 62c have a length (L) of 44.5 mm, a width (W) of 
25 mm, and a thickness (H) of 0.025 mm. The meander 
coils 61a, 61b have a width (L1) of 0.11 mm, a pitch 
(W1) of 0.9 mm, and a thickness (H1) of 0.025 mm. The 
number of meandering lines is 48. The meander coils 
61a, 61b respectively have a resistance value of 120 
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and an inductance of 1 \iH, thus being provided a mean- 
der coil unit 6 for a transducer practically having a suffi- 
cient sensitivity. 

The employment of the meander coil as illustrated 
in Fig. 1 1 to a meander coil type electromagnetic acous- s 
tic transducer results in the following beneficial effects. 

First, the insulation sheet 62b is a heat resistant 
insulating sheet of, for example, polyimide, having a 
thickness of approximately several-ten microns, and the 
meander coil 61 a, 61 b serving as receiver and transmit- w 
ter coils are positioned opposite to and coincide (over- 
lapping) with each other through the insulation sheet 
62b, so that reflected waves of transmitted waves from 
the transmitter coil can be captured by the receiver coil 
at the same position, thus making it possible to make is 
accurate measurements, as compared with the mean- 
der coil unit 6 shown in Fig. 8. 

Second, since the meander coils 61a, 61b are fab- 
ricated with an accurately defined coil pitch W, as com- 
pared with coils formed of manually wound wires, stable 20 
ultrasonic waves can be received. 

Third, the use of the insulation adhesive for adher- 
ing the insulation sheets enables adjacent portions of 
each of the meander coils 61a, 61b to be insulated from 
each other, with the result that the finished transducer 25 
can resist an applied voltage of approximately 1000 
volts during measurements. 

Fourth, since the meander coils are arranged on 
the opposing surfaces of the insulation sheet 62b, it is 
possible to provide uniform quality, reduction in size, 30 
finer structure, reduction in manufacturing time, and 
enhanced functionality (increased S/N ratio) by an ideal 
parallel coil, as compared with coils fabricated by wind- 
ing cladded copper wires such as enamel wires or the 
like by hand. 35 

Fifth, the meander coil unit 6 is planarized (formed 
into a sheet) so that it is flexible, and a rugged portion 
between an object to be inspected and the meander coil 
unit 6 is eliminated. 

Fig. 12 illustrates a second embodiment of an 40 
inspection system using the meander coil unit 6 shown 
Fig. 8 or 11, according to the present invention. The 
meander coil unit 6 is positioned on the circumferential 
surface of a cylindrical object 20. A core 24, made of a 
magnetic material, extends through the internal space 45 
of a solenoid coil 3 for generating a static electric field 
and through the internal space of the cylindrical object 
20 to form a magnetic circuit. Then, a static magnetic 
field is generated in the axial direction of the object 20 to 
generate ultrasonic waves (axially symmetric SH so 
waves). In Fig. 12, the symbol "E" denotes a ground ter- 
minal. 

Fig. 13 shows a third embodiment of an inspection 
system using the meander coil unit 6 shown Fig. 8 or 1 1 , 
according to the present invention. In the system, a core ss 
24 extending through a solenoid coil 3 and magnetically 
connecting the coil 3 with a cylindrical object 20, is con- 
stituted as a U-shape to have open ends where toroidal 
(annular) portions 24a, 24b are formed. Each of the 
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toroidal portions 24a, 24b can be divided into an upper 
half and a lower half along a central portion thereof 
(indicated by a solid line A). Thus, when the object 20 is 
to be mounted, the lower halves are removed to fit the 
object 20 into recesses of the upper halves, and then 
the lower halves are coupled to the upper halves with a 
suitable means, not shown. With the toroidal portions 
24a, 24b having the structure described above, even if 
the cylindrical object 20 has both ends with a diameter 
larger than the inner diameter of the toroidal portions so 
that the object 20 cannot be passed through the toroidal 
portions 24a, 24b, the object can be readily mounted in 
the toroidal portions. 

A meander coil unit 6 shown in Fig. 6 or 1 1 is placed 
on the circumferential surface of the cylindrical object 20 
to generate a static magnetic filed in the longitudinal 
direction of the object so as to generate ultrasonic 
waves (axially symmetric SH waves). 

Fig. 14 illustrates a third inspection system accord- 
ing to the present invention wherein an electromagnetic 
acoustic transducer has a pair of the meander coil units 
shown in Fig. 1 1 . As the units, the meander coil units 6 
shown in Fig. 8 is also usable. In Fig. 14, the meander 
coil units are denoted by the symbol "6a M and "6b". A 
pair of permanent magnets (or electromagnets) 3a, 3b 
for generating a static magnetic field are positioned on a 
plate-like object 2, with a predetermined spacing there- 
between, so as to generate the static magnetic field 
around the central area therebetween in the axial direc- 
tion of thereof. The meander coil units 6a, 6b are placed 
between the permanent magnets 3a, 3b with a prede- 
termined spacing therebetween in, the axial direction of 
the magnets 3a, 3b. One of the meander coil units 6a, 
6b is used for transmitting and the other for receiving. In 
Fig. 14, the left-hand meander coil unit 6a is used for 
transmitting of ultrasonic wave (surface SH wave), and 
the right-hand meander coil unit 6b is used for receiving, 
in Fig. 14. 

Instead of using the meander coil units 6a, 6b as 
shown Fig. 14, both the units can be used for transmit- 
ting and receiving. In this case, ultrasonic waves are 
generated simultaneously from both the meander coil 
unit 6a, 6b and received simultaneously by both, so that 
the S/N ratio can be increased. Fig. 15 shows a fourth 
embodiment of an inspection system according to the 
present invention wherein both meander coil units 6a, 
6b, each having the constitution shown in Fig. 11, are 
used for transmitting and receiving. The lower coils of 
the meander coil units 6a, 6b are applied with a voltage 
form a controller 18 such that ultrasonic waves are 
simultaneously transmitted from both the coil units 6a, 
6b, and the upper coils thereof receives the transmitted 
ultrasonic waves. With this configuration, the sensitivity 
is further improved. It is of course the matter that mean- 
der coil unit each having the structure shown in Fig. 8 
can be also used as the meander coil units 6a, 6b in the 
fourth embodiment. 

Figs. 16 and 17 illustrate fifth and sixth embodi- 
ments of an inspection system according to the present 



7 



1 



13 EP0 781 

invention wherein a pair of meander coil units 6a, 6b 
having the structure shown in Fig. 11 are incorporated. 
Figs. 16(a) and 17(a) are front views of the embodi- 
ments each for showing a positioning relationship 
between a permanent magnet (or electromagnet) 3 and 5 
the meander coil units 6a, 6b in a front view, and Figs. 
1 6(b) and 1 7(b) are top plan views for showing the same 
positional relationships. In the system shown in Fig. 17, 
the magnet 3 is constituted to have a U-shape. 

In each of the systems shown in Fig. 16 or 17, the 10 
magnet 3 is positioned above an object 2 to be 
inspected to generate a static magnetic field in the thick- 
ness direction (Fig. 16) and longitudinal direction (Fig. 
1 7) of the object 2 and the meander coil units 6a, 6b are 
positioned between the object 2 and the permanent is 
magnet (or electromagnet) 3 with a predetermine spac- 
ing therebetween. One of the meander coil units 6a, 6b 
is used for transmitting, and the other for receiver, in 
Figs. 16 and 17, the right-hand meander coil unit 6b is 
represented as a transmission unit for transmitting ultra- 20 
sonic wave (SO wave) signals to the left-hand meander 
coil unit 6a. 

Since the connections of the meander coil units 6a, 
6b with a controller, a main amplifier, and a pre-amplif ier 
in the fifth and sixth embodiments are substantially the 25 
same as those illustrated in Figs. 9, 12 - 15, the illustra- 
tion of these components is omitted in Figs. 16 and 17. 
It should be noted that in the meander coil units 6, 6a, 
6b employed in the system shown in Figs. 9 and 12-17, 
the earth ends E of the transmitting and receiving 30 
meander coils of the respective coil units are connected 
to each other. 

In the inspection system shown in Figs. 9 and 12 - 
17 using the meander coil type electromagnetic acous- 
tic transducers, the transducer illustrated in Fig. 16 uti- 35 
lizes a Lorentz force as an excite force for generating 
ultrasonic waves, while the remaining transducers uti- 
lizes a magnetostrictive force as the excite force. 

According to the electromagnetic acoustic trans- 
ducers employing the meander coil units shown in Figs. 40 
8 and 11, since the meander coil units have the sepa- 
rate transmitting meander coil and receiving meander 
coil, a higher S/N ratio and a larger gain can be accom- 
plished, and since they have a high flexibility they can 
be employed to inspect cylindrical objects. 45 

Using the meander coil unit shown in Fig. 11, since 
the meander coils are positioned on the opposing sur- 
faces of the middle insulation sheet so as to face each 
other and they can be easily formed as ideal parallel 
coils, it is possible to realize improved performance, sta- so 
bility, uniform quality, reduction in size, finer structure, 
reduction in manufacturing time, and enhanced func- 
tionality (increased S/N ratio), which cannot be accom- 
plished by conventional electromagnetic acoustic 
transducers. 55 

Next, another inspection system according to the 
present invention which employs an electromagnetic 
acoustic transducer and predicts fatigue life relying on 
electromagnetic acoustic resonance will be explained 
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with reference to Fig. 18. The system basically com- 
prises the same components as shown in Fig. 1 , and 
further includes a computer 19. 

As illustrated in Fig. 18, the inspection system or 
lifetime prediction system includes a pair of permanent 
magnets (or electromagnets) 3a, 3b, aflat spiral coil unit 
5, a pre-amplif ier 16, a main amplifier 17, a controller 
18, and the computer 19. The meander coil type EMAT 
can be also applied to the system. 

As has been explained with reference to Fig. 1, 
when a rf burst current 7 is applied from the controller 
18 to the flat spiral coil unit 5, the eddy current 8 is gen- 
erated in the object 2 in the direction opposite to that of 
the high frequency current, and a Lorentz force 9 is gen- 
erated by an interaction of the eddy current 8 and a 
static magnetic field 4 generated by the magnets 3a, 3b, 
in accordance with the Fleming's left hand law. 

The Lorentz force 9 acts on internal free electrons 
inside the object 2 to cause collision with ions and so 
on, and induce movements perpendicular to the direc- 
tion of the static magnetic field 4 and the eddy current 8 
to generate ultrasonic shear waves 10. The ultrasonic 
shear waves 10 travel in a direction indicated by the 
arrow 11, propagate on the surfaces and in the interior 
of the object 2, in which organizational changes, micro- 
cracks, and so on have occurred due to fatigue, and 
reflect on the opposing surface of the object 2. When 
the ultrasonic shear waves 1 0 reach near the upper sur- 
face of the object 2 by travelling in the direction indi- 
cated by the arrow 1 2, a force 1 3 is generated. An eddy 
current 14 is generated by an interaction of this force 13 
and the static magnetic field 4. 

The eddy current 19 is detected by the flat spiral 
coil unit 5. The detected signal representative of the 
eddy current 14 is amplified by the pre-amplif ier 16 and 
the main amplifier 17, and sent to the controller 18. Fur- 
ther, the signal is provided from the controller 18 to the 
computer 19. The controller 18 comprises a super-het- 
erodyne measuring system which can make a measure- 
ment in a short time because it only requires amplitude 
and phase of the detection signal. 

The principles of the electromagnetic acoustic res- 
onance method will be explained. When the rf burst cur- 
rent provided to the flat spiral coil unit 5 from the 
controller 18 is a burst high frequency current having a 
constant amplitude and a constant frequency), the ultra- 
sonic shear waves 10 are burst waves. The burst ultra- 
sonic waves 10 repeatedly reflect on opposing surfaces 
of the object 2, and when the ultrasonic waves reach an 
incident plane, the coil unit 5 detects the burst waves as 
the eddy current. 

If a cycle of the burst waves is longer than a time 
required for the ultrasonic shear waves 1 0 to ply to prop- 
agate back and fourth within thickness direction of the 
object 2, the reflected signals received by the coil unit 5 
overlap. Since the reflected signals simultaneously 
received at the coil unit 5 are individual propagation 
time periods (= individual propagating distances /an 
ultrasonic wave speed), the reflected signals generally 



8 



15 



EP0 781 994 A2 



16 



differ in phase from each other. As a result, interference 
occurs in the overlapping reflected signals. More specif- 
ically, if the overlapping reflected signals are coincident 
in phase, peaks and valleys of the respective signals 
overlap to intensify each other. On the contrary, if the 5 
overlapping reflected signals differ in phase, peaks and 
valleys of the respective signals offset each other so 
that the signals become smaller. Thus, by adjusting the 
burst wave cycle such that a propagation time period 
required for the ultrasonic shear waves to propagate 
back and fourth within thickness direction of object 2 is 
an integer multiple of the burst wave cycle, a composite 
wave having large interference can be provided. The 
condition mentioned above is referred to as "ultrasonic 
resonance". 

Since the electromagnetic acoustic transducer has 
an extremely low transduce efficiency, only minimum 
energy at a receiving stage is transduced into an elec- 
tric signal, so that the propagation of the ultrasonic 
waves in the object is not affected. In the system shown 
in Fig. 18, the ultrasonic resonance is caused by the 
electromagnetic acoustic transducer (or, the magnets 
3a, 3b, and coil unit 5) under a control of the controller 
18, to predict fatigue life of the object 2. 

In the fatigue life prediction system, a resonance 
frequency and attenuation characteristics are accu- 
rately measured at every measurement sampling time, 
and a fatigue progress is monitored by comparing the 
detected attenuation characteristics with a database in 
the computer 19 containing an attenuation characteris- 
tic curve experimentally obtained. Fig. 19 represents an 
attenuation characteristic curve, that is a relationship of 
an attenuation coefficient to the number of repetitions 
(or number of repetitions / number of times of fatigue 
rupture), stored in the database. 

As shown in Fig. 19, the attenuation coefficient 
exhibits a peak value P at 20 - 30% of the fatigue, and 
abruptly drops after the peak, followed by a gradual 
increase till rupture. The peak value P corresponds to, 
occurrence of fatigue crack. Thus, the fatigue life predic- 
tion system according to the present invention takes 
advantage of the behavior of such a peak value P 
regarding the object 2 to accurately measure lifetime 
thereof and assess the fatigue damage. Further, from 
the fact that an increasing ratio of the attenuation coeffi- 
cient is extremely small in a range such as below a 
fatigue limit, the changing ratio of the attenuation coeffi- 
cient is monitored to predict that fatigue fracture will not 
occur. 

If the database does not contain a corresponding 
condition, an estimation is made using a known neural 
network approach to create an attenuation curve asso- 
ciated with the condition. 

Fig. 20 is a flow chart illustrating a flow of opera- 
tions performed for measuring fatigue damage and esti- 
mating lifetime of the object 2 in the system shown in 
Fig. 18, in accordance with the present invention. First, 
material characteristics (a sonic speed in the material 
and so on) of the object 2, measurement conditions 



including a resonance frequency, a range, and so on are 
inputted (step ST1). Attenuation curves in the database 
are referenced based on the inputted data to confirm 
whether or not the database has an attenuation curve 
corresponding to the set conditions (step ST2). If YES, 
an optimal attenuation curve is extracted from the data- 
base (ST3). If NO, the neural network approach is used 
to estimate an attenuation curve appropriate to the set 
conditions (step ST4). 

Subsequently, an attenuation coefficient is meas- 
ured at a resonance frequency which is also measured 
by the system (step ST5), and the attenuation curve 
extracted from the database or estimated using the neu- 
ral network approach is referenced with the measured 
attenuation coefficient value (step ST6) to confirm a 
damaged condition and to check whether or not the 
attenuation coefficient indicates a peak value P of the 
extracted or estimated attenuation curve (step ST7). If 
the peak value is indicated, a fatigue life ratio is calcu- 
lated from the attenuation curve to derive remaining life 
and lifetime (step ST8). 

If the measured attenuation coefficient is not indi- 
cated the peak value P at step ST7, the monitoring is 
continued. While the monitoring, it is checked whether 
or not an increasing ratio of the measured attenuation 
coefficient is equal to or larger than a limit value 
(increasing ratio of attenuation coefficient > limit value) 
(step ST9). If the increasing ratio is smaller than the limit 
value, the fatigue process is advanced (step ST10) and 
the monitoring is continued. If the increasing ratio is 
larger than the limit value, i.e., if the increasing ratio has 
exceeded the limit value, a peak value P is estimated 
from the attenuation curve in the database and the 
measurement results using the neural network 
approach. 

Fig. 21 illustrates the results of detection of attenu- 
ation characteristics to monitor a fatigue developing of 
an object, using the system shown in Fig. 18 with the 
electromagnetic acoustic resonance method. The mate- 
rial of the object was pure copper and the resonance 
frequency thereof was near 4 MHz. As is apparent from 
the graph in Fig. 21, the attenuation coefficient exhibits 
a peak value at approximately 25% of fatigue life. While 
materials extracted even from the same manufacturing 
lot differ in the number of fatigue cycle corresponding to 
the peak and the number of fatigue cycle associated 
with fatigue fracture, they exhibit substantially the same 
fatigue life ratio value (number of repetitions / number of 
times of fatigue rupture) corresponding to the peak 
value. 

By making measurements in accordance with the 
electromagnetic acoustic resonance method using the 
electromagnetic acoustic transducer (or the magnets 
3a, 3b and the coil unit 6), ultrasonic waves are gener- 
ated directly on the measurement surface of the object 
2, as illustrated in Fig. 22, so that no interface (see the 
interface between the piezoelectric ultrasonic trans- 
ducer 21 and the protective film 22, the interface 
between the protective film 22 and the acoustic cou- 
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plant 23, and the interface between the acoustic cou- 
plant 23 and the object 2 in Fig. 4) exists in the 
propagation path of ultrasonic waves. Thus, the signal 
transduced from the ultrasonic waves by the electro- 
magnetic acoustic transducer does not include distur- 5 
bance. Also, the surfaces of the object 2 need not be 
finely finished. Further, since an absolute value of the 
absolute attenuation coefficient of the object 2 can be 
directly measured, it is possible to accurately capture 
changes in the object during a fatigue process. 70 

In addition, as illustrated in Fig. 19, as fatigue 
advances, the attenuation coefficient begins to 
increase, exhibits a peak value at 20 - 30% of the life- 
time, abruptly drops after the peak, and again increases 
till fracture. Since such data on change in attenuation in is 
the fatigue progress are utilized in the database, accu- 
rate prediction of the lifetime assessment of fatigue 
damage can be obtained. 

It is further understood by those skilled in the art 
that the forgoing description is preferred embodiments 20 
of the present invention and that various changes and 
modifications may be made in the invention without 
departing from the spirit and scope thereof. 

According to its broadest aspect the invention 
relates to an electromagnetic acoustic transducer com- 25 
prising: magnet means for providing a magnetic field to 
an object to be inspected; and coil means for making 
said object to transmit ultrasonic waves in said object 
and for detecting ultrasonic waves. 

It should be noted that the objects and advantages 30 
of the invention may be attained by means of any com- 
patible combination(s) particularly pointed out in the 
items of the following summary of the invention and the 
appended claims. 

35 

SUMMARY OF THE INVENTION 

1 . An electromagnetic acoustic transducer compris- 
ing: 

40 

magnet means for providing a static magnetic 
field to an object to be inspected; and 
sheet type coil means for making said object to 
transmit ultrasonic waves in said object and for 
detecting ultrasonic waves caused on said 45 
object, said coil means including a first insula- 
tion layer and a pair of coils which are made of 
an electrically conductive material, are formed 
on opposing surfaces of said first insulation 
layer, and are positioned to coincident with so 
each other through said insulation layer. 

2. An electromagnetic acoustic transducer 

wherein one of said coils is for transmitting to 
cause said ultrasonic waves with electromagnetic 55 
actions, and the other one is for receiving to detect 
said ultrasonic waves. 

3. An electromagnetic acoustic transducer 

wherein 



said coil means further comprises second and 
third insulation layers which cover said coils on 
the surfaces of said first insulation layer, 
respectively, and 

first ends and second ends of said respective 
coils extend through throughholes formed 
through said first and second insulation layers 
to the surface of said ultrasonic transducer, 
where said first and second ends are connect - 
able to external leads and said second ends 
are commonly connected to form a common 
ground terminal. 

4. An electromagnetic acoustic transducer 

wherein said coils of said coil means are spi- 
ral coils. 

5. An electromagnetic acoustic transducer 

wherein said coils of said coil means are 
meander coils. 

6. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
pair of permanent magnets positioned with a 
space. 

7. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
pair of solenoid coils. 

8. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
permanent magnet. 

9. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
solenoid coil. 

10. An electromagnetic acoustic transducer 

wherein said coil means having said mean- 
der coils has a flexibility to apply to a cylindrical 
object. 

1 1 . An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
solenoid coil which has an inner diameter so that 
said cylindrical object with said solenoid coil around 
it can extend inside said solenoid coil along a longi- 
tude direction. 

12. An electromagnetic acoustic transducer 

wherein said ultrasonic transducer further 
comprises a core of a magnetic material, said mag- 
net means comprises a solenoid coil, and said core 
extends inside said solenoid coil along a longitude 
direction. 

13. An electromagnetic acoustic transducer 

wherein said core has a diameter so that it 
can extend inside said cylindrical object. 

14. An electromagnetic acoustic transducer 

wherein said core have a U-shape, the cen- 
tral portion of which extends inside said solenoid 
coil and both ends of which have ring portions 
through which said cylindrical object can extend. 

15. An electromagnetic acoustic transducer 

wherein each of said ring portions is divided 
into at least two parts, thereby said cylindrical 
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object being easily inserted in the ring portions. 

16. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
pair of permanent magnets and said coil means is 
formed as a pair of sheet coil units which are posi- s 
tioned between said permanent magnets. 

17. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
permanent magnet, and said coil means is formed 
as a pair of sheet coil units which are positioned 10 
between said object and said permanent magnet. 

18. An electromagnetic acoustic transducer 

wherein said magnet means comprises a 
permanent magnet having a U-shape, and said coil 
means is formed as a pair of sheet coil units which 75 
are positioned between both ends of said perma- 
nent magnet over said object. 

19. An electromagnetic acoustic transducer com- 
prising: 

20 

magnet means for providing a static magnetic 
field to an object to be inspected; and 
sheet type coil means for making said object to 
generate and propagate ultrasonic waves in 
said object and for detecting an eddy current 25 
caused on said object, said coil means includ- 
ing an insulation layer and three parallel mean- 
der coils which are made of an electrically 
conductive material, and are buried in said 
insulation layer. 30 

20. A fatigue life prediction apparatus based on 
electromagnetic ultrasonic resonance comprising: 

an electromagnetic acoustic transducer ; 35 
a controller for instructing said electromagnetic 
acoustic transducer to generate a burst ultra- 
sonic signal at a resonance cycle in an object 
to be inspected to cause an ultrasonic wave 
resonance, and to receive a reflected ultrasonic 40 
signal; and 

processing means for processing said received 
signal to derive an attenuation coefficient, and 
estimating a remaining lifetime of said object 
from a change in said attenuation coefficient 45 

21 . A fatigue life prediction apparatus 

wherein said processing means comprises 
calculation means for calculating a fatigue life ratio, 
a database storing attenuation curves associated so 
with objects, and means for estimating said remain- 
ing lifetime from said fatigue life ratio and said 
attenuation curves. 

22. A fatigue life prediction apparatus 

wherein said processing means further com- ss 
prises means for use a neural network approach 
when no suitable attenuation curve is found in said 
database. 



20 
Claims 

1. An electromagnetic acoustic transducer compris- 
ing: 

magnet means for providing a static magnetic 
field to an object to be inspected; and 
sheet type coil means for making said object to 
transmit ultrasonic waves in said object and for 
detecting ultrasonic waves caused on said 
object, said coil means including a first insula- 
tion layer and a pair of coils which are made of 
an electrically conductive material, are formed 
on opposing surfaces of said first insulation 
layer, and are positioned to coincident with 
each other through said insulation layer. 

2. An electromagnetic acoustic transducer according 
to Claim 1 , wherein one of said coils is for transmit- 
ting to cause said ultrasonic waves with electro- 
magnetic actions, and the other one is for receiving 
to detect said ultrasonic waves. 

3. An electromagnetic acoustic transducer according 
to Claim 1, wherein 

said coil means further comprises second and 
third insulation layers which cover said coils on 
the surfaces of said first insulation layer, 
respectively, and 

first ends and second ends of said respective 
coils extend through throughholes formed 
through said first and second insulation layers 
to the surface of said ultrasonic transducer, 
where said first and second ends are connect- 
able to external leads and said second ends 
are commonly connected to form a common 
ground terminal. 

4. An electromagnetic acoustic transducer according 
to Claim 1 , wherein said coils of said coil means are 
spiral coils. 

5. An electromagnetic acoustic transducer according 
to Claim 1 , wherein said coils of said coil means are 
meander coils. 

6. An electromagnetic acoustic transducer according 
to Claim 4, wherein said magnet means comprises 
a pair of permanent magnets positioned with a 
space, 

and/or wherein preferably said magnet 
means comprises a pair of solenoid coils, 

and/or wherein preferably said magnet 
means comprises a permanent magnet, 

and/or wherein preferably said magnet 
means comprises a solenoid coil, 

and/or wherein preferably said coil means 
having said meander coils has a flexibility to apply 
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to a cylindrical object, 

and/or wherein preferably said magnet 
means comprises a solenoid coil which has an 
inner diameter so that said cylindrical object with 
said solenoid coil around it can extend inside said 5 
solenoid coil along a longitude direction, 

and/or wherein preferably said ultrasonic 
transducer further comprises a core of a magnetic 
material, said magnet means comprises a solenoid 
coil, and said core extends inside said solenoid coil 70 
along a longitude direction, 

and/or wherein preferably said core has a 
diameter so that it can extend inside said cylindrical 
object, 

and/or wherein preferably said core have a 75 
U-shape, the central portion of which extends 
inside said solenoid coil and both ends of which 
have ring portions through which said cylindrical 
object can extend, 

and/or wherein preferably each of said ring 20 
portions is divided into at least two parts, thereby 
said cylindrical object being easily inserted in the 
ring portions, 

and/or wherein preferably said magnet 
means comprises a pair of permanent magnets and 2 s 
said coil means is formed as a pair of sheet coil 
units which are positioned between said permanent 
magnets, 

and/or wherein preferably said magnet 
means comprises a permanent magnet, and said 30 
coil means is formed as a pair of sheet coil units 
which are positioned between said object and said 
permanent magnet, 

and/or wherein preferably said magnet 
means comprises a permanent magnet having a U- 35 
shape, and said coil means is formed as a pair of 
sheet coil units which are positioned between both 
ends of said permanent magnet over said object. 

7. An electromagnetic acoustic transducer compris- 40 
ing: 

magnet means for providing a static magnetic 
field to an object to be inspected; and 
sheet type coil means for making said object to 45 
generate and propagate ultrasonic waves in 
said object and for detecting an eddy current 
caused on said object, said coil means includ- 
ing an insulation layer and three parallel mean- 
der coils which are made of an electrically so 
conductive material, and are buried in said 
insulation layer. 

8. A fatigue life prediction apparatus based on electro- 
magnetic ultrasonic resonance comprising: ss 

an electromagnetic acoustic transducer; 

a controller for instructing said electromagnetic 

acoustic transducer to generate a burst ultra- 



sonic signal at a resonance cycle in an object 
to be inspected to cause an ultrasonic wave 
resonance, and to receive a reflected ultrasonic 
signal; and 

processing means for processing said received 
signal to derive an attenuation coefficient, and 
estimating a remaining lifetime of said object 
from a change in said attenuation coefficient. 

9. A fatigue life prediction apparatus according to 
Claim 20, wherein said processing means com- 
prises calculation means for calculating a fatigue 
life ratio, a database storing attenuation curves 
associated with objects, and means for estimating 
said remaining lifetime from said fatigue life ratio 
and said attenuation curves. 

and/or wherein preferably said processing 
means further comprises means for use a neural 
network approach when no suitable attenuation 
curve is found in said database. 

10. An electromagnetic acoustic transducer compris- 
ing: 

magnet means for providing a magnetic field to 
an object to be inspected; and 
coil means for making said object to transmit 
ultrasonic waves in said object and for detect- 
ing ultrasonic waves. 
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Fig. 3 
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Fig. 4(a) 
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(54) Electromagnetic acoustic transducer and emar system 

(57) An electromagnetic acoustic transducer is pro- 
vided which comprises magnets and a sheet type coil 
unit. The magnets are permanent magnets or electro- 
magnets to provide a static magnetic field to an object to 
be inspected. The coil unit includes a pair of spiral or 
meander coils of an electrically conductive material, 
sandwiched between upper and middle insulation sheet 
and middle and lower insulation sheet. The coils are 
used for transmission and reception, respectively. All 
the ends of the respective coils extend through through- 
holes formed through the upper and middle insulation 
sheets to the surface of the ultrasonic transducer, and 
are connected to external leads. The ends for earth are 
commonly connected to form a common ground termi- 
nal. The inspection system with the electromagnetic 
acoustic resonance which is a combination of resonant 
technique and a non-contact electromagnetic acoustic 
transducer can accomplish evaluating the absolute 
value of ultrasonic attenuation. The attenuation is highly 
sensitive to the accumulated fatigue damage, showing a 
maximum around 20 - 30% of the whole life. This sys- 
tem can assess the damage advance and predict the 
fatigue life of metals. 



Fig. 6(a) 

61b-v .54* 



I— — 





a 

LU 



Primed by Rank Xerox (UK) Business Services 
2.14.10/3.4 



If 

EP 0 781 994 A3 



4 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 96 12 0078 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 



CLASSIFICATION OF THE 
APPLICATION (IntCLb) 



US 4 777 824 A (ALERS GEORGE A ET AL) 18 
October 1988 

* column 6, line 28 - line 68; figures * 

EP 0 458 425 A (MANNESMANN AG) 27 November 
1991 

* column 3, line 2 - line 35; figure 1 * 

DE 39 04 440 A (MANNESMANN AG) 23 August 
1990 

* the whole document * 

DE 26 57 957 A (TI GROUP SERVICES LTD) 29 
June 1978 

* claims 1-4 * 

GB 2 006 433 A (TI GROUP SERVICES LTD) 2 
May 1979 

* abstract; figure 1 * 



The present search report has been drawn up for all 



1,2,4.5, 
7-10 



1-5,7-16 



1-5,7-lG 



1,2,7-lG 



1,2,7-ie 



601N29/24 



TECHNICAL FIELDS 
SEARCHED (btCLt) 



G01N 
B06B 



THE HAGUE 



Date «f oMafcliMrf the K«tk 

21 April 1997 



Kouzelis, D 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant if combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

sfter the filing date 
D : document dted in the application 
L : document dted for other reasons 

& : member of the same patent family, corresponding 



2 



